Genetic analyses identified Ses1 as a significant quantitative trait locus influencing the carrier state of 129S6 mice following a sublethal challenge with Salmonella enterica serovar Enteritidis. Previous studies have determined that Slc11a1 was an excellent candidate gene for Ses1. Kinetics of infection in 129S6 mice and Slc11a1-deficient (129S6-Slc11a1 tm1Mcg ) mice demonstrated that the wild-type allele of Slc11a1 contributed to the S. enterica serovar Enteritidis carrier state as early as 7 days postinfection. Gene expression profiling demonstrated that 129S6 mice had a significant up-regulation of proinflammatory genes associated with macrophage activation at day 10 postinfection, followed by a gradual increase in immunoglobulin transcripts, whereas 129S6-Slc11a1 tm1Mcg mice had higher levels of immunoglobulins earlier in the infection. Quantitative reverse transcription-PCR revealed an increase in Th1 cytokine (Ifng and Il12) and Th1-specific transcription factor Tbx21 expression during infection in both the 129S6 and 129S6-Slc11a1 tm1Mcg strains. However, the expression of Gata3, a transcription factor involved in Th2 polarization, Cd28, and Il4 was markedly increased in Slc11a1-deficient mice during infection, suggesting a predominant Th2 phenotype in 129S6-Slc11a1 tm1Mcg animals following S. enterica serovar Enteritidis infection. A strong immunoglobulin G2a response, reflecting Th1 activity, was observed only in 129S6 mice. All together, these results are consistent with an impact of Slc11a1 on Th cell differentiation during chronic S. enterica serovar Enteritidis infection. The presence of a Th2 bias in Slc11a1-deficient mice is associated with improved bacterial clearance.
Genetic analyses identified Ses1 as a significant quantitative trait locus influencing the carrier state of 129S6 mice following a sublethal challenge with Salmonella enterica serovar Enteritidis. Previous studies have determined that Slc11a1 was an excellent candidate gene for Ses1. Kinetics of infection in 129S6 mice and Slc11a1-deficient (129S6-Slc11a1 tm1Mcg ) mice demonstrated that the wild-type allele of Slc11a1 contributed to the S. enterica serovar Enteritidis carrier state as early as 7 days postinfection. Gene expression profiling demonstrated that 129S6 mice had a significant up-regulation of proinflammatory genes associated with macrophage activation at day 10 postinfection, followed by a gradual increase in immunoglobulin transcripts, whereas 129S6-Slc11a1 tm1Mcg mice had higher levels of immunoglobulins earlier in the infection. Quantitative reverse transcription-PCR revealed an increase in Th1 cytokine (Ifng and Il12) and Th1-specific transcription factor Tbx21 expression during infection in both the 129S6 and 129S6-Slc11a1 tm1Mcg strains. However, the expression of Gata3, a transcription factor involved in Th2 polarization, Cd28, and Il4 was markedly increased in Slc11a1-deficient mice during infection, suggesting a predominant Th2 phenotype in 129S6-Slc11a1 tm1Mcg animals following S. enterica serovar Enteritidis infection. A strong immunoglobulin G2a response, reflecting Th1 activity, was observed only in 129S6 mice. All together, these results are consistent with an impact of Slc11a1 on Th cell differentiation during chronic S. enterica serovar Enteritidis infection. The presence of a Th2 bias in Slc11a1-deficient mice is associated with improved bacterial clearance.
Human infectious diseases are among the major causes of morbidity and mortality worldwide. Gram-negative bacteria of the genus Salmonella are ubiquitous in nature and inhabit the normal intestinal flora of multiple hosts. They can cause a variety of pathologies, including gastroenteritis, abortions, pneumonias, and lethal septicemias, in both humans and animals. Salmonella infections usually occur through ingestion of contaminated food or water and are responsible for two major disease patterns in humans, typhoid fever, a systemic disease, and salmonellosis, a self-containing gastrointestinal illness. Salmonella infection affects 1.4 million people annually in the United States alone, where Salmonella enterica serovars Enteritidis and Typhimurium account for more than half of the reported cases (16) . Enteric fever is caused by the human pathogen S. enterica serovar Typhi and to a lesser extent by S. enterica serovar Paratyphi A and B. An estimated 21 million cases of typhoid fever are reported each year, with 200,000 associated fatalities (16) . Approximately 5% of infected patients develop a chronic carrier state with active shedding of Salmonella for more than a year, whereas others become lifelong carriers (16) . Chronic carriers are at an increased risk of undergoing relapses and developing other pathologies. They also become the new reservoir of the pathogen in the population, increasing the risks of infecting other people and thus playing a major role in the reemergence of epidemic-prone diseases.
In mice, S. enterica serovar Typhimurium causes a systemic disease resembling typhoid fever, and the outcome of infection relies on the activation of both the innate and adaptive immune responses of the host. Studies with mouse models of infection have identified several innate immune genes, including Slc11a1 (solute carrier family 11 member 1, also known as Nramp1), Tlr4 (Toll-like receptor 4), Nos2 (inducible nitric oxide synthase), and that for NADPH oxidase, that influence the early phase of S. enterica serovar Typhimurium infection (reviewed in reference 58). Clearance of the bacteria from the reticuloendothelial system during the late stage of infection involves T and B lymphocytes, costimulatory molecules (CD28), T-cell receptor (TCR), and the major histocompatibility complex class II genes (70) .
We have developed a chronic model of Salmonella infection based on the inoculation of a sublethal dose of S. enterica serovar Enteritidis into C57BL/6J and 129S6/SvEvTac (129S6) mice (13) . S. enterica serovar Enteritidis infection of C57BL/6J and 129S6 animals does not cause a clinical disease; however, persistence of the bacteria within the spleen and mesenteric lymph nodes is observed for a prolonged period of time in 129S6 compared to C57BL/6J mice (13, 14) . Previous single-locus linkage analysis and a genome-wide search for interacting loci in a (C57BL/6J ϫ 129S6)F 2 segregating population have revealed that the genetic architecture of Salmonella persistence is different in females and males. In females, the genetic model included the individual effect of Ses3 on chromosome 15 and two significant interactions between Ses1 on chromosome 1 and D7Mit267 and between Ses1 and DXMit48, accounting for 47% of the total phenotypic variance. The model for males included the individual effect of Ses1.1 (proximal chromosome 1) and three interactions (Ses1-D9Mit218, D2Mit197-D4Mit2, and D3Mit256-D13Mit36) and explained 47% of the phenotypic variance (13, 14) . These analyses have clearly demonstrated that Ses1, which was validated with congenic mice, is the locus having the greatest impact on the phenotypic variance in both females and males (14) .
We have previously reported that Slc11a1 is located at the maximum peak logarithm of the odds score of the Ses1 genetic interval, making this gene an excellent candidate based on its chromosomal position and its function (13) . Slc11a1 has been shown in multiple studies to be of primordial importance in the outcome of infections with intracellular pathogens including S. enterica serovar Typhimurium in mice (67, 68) . A role for SLC11A1 in the host defense against tuberculosis and leprosy was demonstrated in humans (6, 23, 24) and against salmonellosis and chronic Salmonella carriage in chickens (5, 31, 38) . Slc11a1 is involved in the control of bacterial growth in the reticuloendothelial system during the early phase of Salmonella infection. In mice, Slc11a1 presents two allelic forms: a wild-type allele and a susceptible Slc11a1 allele (Slc11a1 s ) that has a nonconservative glycine-to-aspartic acid change at residue 169 which renders the mRNA too unstable to translate into a functional protein (42, 68) . Slc11a1 is located in the late endosome-lysosome compartment of resting phagocytes (29, 59) and is recruited to the membrane of phagosomes containing live bacteria (29) . During Salmonella infection, the bacteria are phagocytosed by macrophages and polymorphonuclear cells (PMNs), in which fusions of early endosomes with lysosomes decrease the internal phagosomal pH and confer bactericidal properties on these cells (18, 72) . To circumvent bacterial killing, salmonellae generate a specialized compartment named the Salmonella-containing vacuole (SCV), in which the environment is favorable to the survival of the bacteria. Slc11a1 has been shown to have an impact on SCV maturation: SCVs formed in Slc11a1-deficient macrophages do not acquire M6PR (mannose 6-phosphate receptor), a protein known to regulate the delivery of a subset of lysosomal enzymes from the trans-Golgi network to the prelysosomal compartment (18, 29, 35, 72) . In addition, Slc11a1 functions as a pH-dependent manganese (Mn 2ϩ ) and iron (Fe 2ϩ ) efflux pump (25, 33, 34) at the phagosomal membrane. Divalent cations like manganese and iron are critical for the survival of pathogens, and removal of these from the phagosome results in enhanced bacteriostatic and/or bactericidal activity. SCV maturation is restored in iron-depleted primary macrophages from Slc11a1-deficient mice, suggesting that Slc11a1 counteracts the ability of salmonellae to arrest phagosome maturation through depletion of iron and/or other cations (34) .
The involvement of Slc11a1 in controlling S. enterica serovar Enteritidis clearance was initially demonstrated with mice carrying a null allele at Slc11a1 (129S6-Slc11a1 tm1Mcg ) (13) . In the experimental model of S. enterica serovar Enteritidis infection, the wild-type allele at Slc11a1 contributes to Salmonella persistence in the spleens of 129S6 mice during the late phase of infection. The objective of the present study was to investigate this unexpected role of Slc11a1 in the outcome of a chronic Salmonella infection. These analyses provide evidence that functional polymorphisms at Slc11a1 are associated with Thelper cell polarization during a chronic S. enterica serovar Enteritidis infection, leading to either bacterial clearance (predominant Th2 response in 129S6-Slc11a1 tm1Mcg mice) or bacterial persistence (predominant Th1 response in 129S6 mice).
MATERIALS AND METHODS

Animals.
The inbred mouse strains 129S6/SvEvTac (129S6) and C57BL/6J were obtained from Taconic (Germantown, NY) and The Jackson Laboratories (Bar Harbor, ME), respectively. The 129S6-Slc11a1 tm1Mcg mice were provided by Philippe Gros (McGill University, Montreal, Québec, Canada). The 129S6-Slc11a1 tm1Mcg mice were generated by crossing chimeric offspring created with embryonic stem cells of 129S6/SvEvTac origin with 129S6/SvEvTac mice. Prior to infection, all mice were maintained in our animal facilities under conditions specified by the Canadian Council on Animal Care.
Salmonella infection. The Salmonella stock and infectious dose were prepared as previously described (60) . Briefly, mice were infected intravenously with 1,000 CFU of S. enterica serovar Enteritidis strain 3b (William Kay, University of Victoria, Victoria, British Columbia, Canada) and sacrificed 1, 3, 5, 7, 10, or 42 days postinoculation by carbon dioxide asphyxiation. The spleens were removed aseptically and used for CFU counts, RNA extraction, or splenocyte purification. The Salmonella loads in the spleens were obtained, counted, and analyzed as described by us previously (13) . The spleen index was determined as the root square of the spleen weight (ϫ100) divided by the body weight (26) .
Hematology. Blood samples were obtained by cardiac puncture from control animals and infected mice at 10 and 42 days postinoculation. The collected blood was diluted 1:200 in 1ϫ phosphate-buffered saline (PBS) or 1:10 in 3% acetic acid to enumerate the erythrocytes (RBC) and leukocytes (WBC), respectively, and the numbers of cells were determined microscopically with a hemocytometer. The percentages of macrophages, lymphocytes, and polymorphonuclear cells were determined by differential counts of 400 cells on blood smears stained with Diff-Quick (Dade Behring, Zurich, Switzerland).
Tissue sample collection and histological evaluation. Mice were anesthetized with a mixture of ketamine and xylazine in saline. Anesthetized mice were perfused through cardiac puncture with 0.9% saline, followed by 4% paraformaldehyde in 0.1 M sodium phosphate buffer (pH 7.4). The tissues were collected and kept in 20% sucrose-PBS for further histopathologic examination. Fixed tissue samples were processed, embedded in paraffin, sectioned at 5 m, and stained with hematoxylin and eosin.
Flow cytometry. Spleens were aseptically removed from control and infected 129S6 and 129S6-Slc11a1 tm1Mcg mice. The red pulp was removed through gentle homogenization of the spleen between the frosted ends of two sterile glass slides, red blood cells were lysed, and splenocytes were extracted with Lympholyte M (Cedarlane Laboratories Limited, Hornby, Ontario, Canada). Splenocytes were counted and adjusted to the desired concentration in RPMI medium (Invitrogen Life Technologies, Burlington, Ontario, Canada). The cells were stained with 2 g of monoclonal antibody (MAb) suspended in PBS supplemented with 1% bovine serum albumin and 0.1% sodium azide for 30 min at 4°C. After washes, the cells were suspended in PBS with 1% fetal calf serum (HyClone, Logan, Utah) and 0.1% sodium azide. These cells were immediately analyzed by FACScan (BD Biosciences, Mississauga, Ontario, Canada). Data analysis was performed with the CellQuest software (BD Biosciences, Mississauga, Ontario, Canada RNA extraction. RNA was extracted from the spleens of control and infected animals with TRIZOL reagent according to the manufacturer's instructions (Invitrogen Life Technologies, Burlington, Ontario, Canada). Briefly, 30 to 50 g of the spleen was homogenized and placed in TRIZOL solution to extract the RNA. The RNA was purified with chloroform and precipitated in isopropanol. The RNeasy total RNA cleanup kit was used as an extra RNA-purifying step (QIAGEN, Mississauga, Ontario, Canada). The RNA was suspended in RNasefree diethyl pyrocarbonate water (Invitrogen Life Technologies, Burlington, Ontario, Canada) and quantitated by spectrophotometry, and its quality was observed by gel electrophoresis with morpholinepropanesulfonic acid (MOPS) buffer, as well as with the RNA 6000 Nano LabChip with the 2100 bioanalyzer (Agilent, Palo Alto, CA).
Microarray analysis. Total spleen RNAs of 129S6 and 129S6-Slc11a1 tm1Mcg female mice were extracted from control and Salmonella-infected animals sacrificed at days 10 and 42 postchallenge and were pooled to account for all possible intrastrain variation. These RNA pools were used to prepare biotinylated targets as previously described (65) . Preparation of fluorescent cRNA, hybridization, and scanning of the arrays were done according to the manufacturer's instructions (Affymetrix, Santa Clara, CA). Briefly, 10 g of RNA was reversed transcribed to double-stranded cDNA with an oligo(dT) primer containing a T7 RNA polymerase binding site. The cDNA was transcribed in vitro to cRNA with biotinylated dUTP and dCTP. Microarray hybridizations were performed with 10 g of target cRNA on the Affymetrix U74Av2 GeneChip (Affymetrix, Santa Clara, CA). These microarrays contain probe sets for 12,000 mouse genes (6,000 known genes and 6,000 expressed sequence tags The raw expression values were analyzed with the GeneSpring software package v7.0 (Silicon Genetics, Redwood City, CA). The data were normalized per chip to the 50th percentile and per gene by using the median. All values below 0.1 were reassigned a threshold value of 0.1. The probe sets showing an A reliability score at all of the time points were discarded. Once the normalization steps were done, we considered the genes with an expression change of twofold or more between the 129S6 and 129S6-Slc11a1 tm1Mcg mouse strains at any time point for further analysis. GeneSpring allowed the regular retrieval of newly annotated expressed sequence tags from the National Center for Biotechnology Information (www.ncbi.nih.gov/). The selected genes were then organized in functional clusters. The genes that were scrutinized in more detail were the ones with known functions or those involved in pathways implicated in inflammation.
Quantification of the expression of genes influencing Th cell development. A set of genes known to be involved in the differentiation process of Th cells were selected for quantification and include the cytokine genes Ifng, Il12, and Il4; the transcription factor genes Tbx21 and Gata3; and the costimulatory molecule genes Cd28, Cd80, and Cd86. Reverse transcription was performed with 5 g of total RNA and Moloney murine leukemia virus reverse transcriptase (Invitrogen Life Technologies, Burlington, Ontario, Canada). Real-time PCR was performed in duplicate on each transcript with Brilliant SYBR green QPCR master mix according to the manufacturer's (Stratagene, La Jolla, CA) instructions. The primers used were designed from the coding sequences of the genes as obtained from the Affymetrix identification number and the Ensembl mouse genome server (www.ensembl.org/Mus_musculus/). The relative expression of the genes was normalized to the amount of TATA box-binding protein (Tbp) (endogenous reference) and compared to a calibrator (gene mRNA expression in naive animals) by using the 2 Ϫ⌬⌬CT method (40).
Measurements of cytokines in serum during infection.
Interleukin-12 (IL-12), gamma interferon (IFN-␥), and IL-4 levels in serum were measured by enzymelinked immunosorbent assay (ELISA) at days 1, 3, 5, 7, 10, and 42 postinfection with paired MAbs and recombinant mouse cytokines as standards according to the manufacturer's (R&D Systems, Minneapolis, MN) instructions.
Antibody response to Salmonella infection. Serum was obtained from the blood of control and Salmonella-infected mice. Total serum IgG, IgG1, IgG2a, IgG2b, IgG3, and IgM levels were measured with commercial ELISA kits (Bethyl Laboratories, Montgomery, TX). The anti-Salmonella IgG, IgG1, and IgG2a responses to S. enterica serovar Enteritidis were determined by ELISA with sonicated-killed S. enterica serovar Enteritidis as previously described (4) .
Statistical analysis. Data were analyzed by analysis of variance and the Wilcoxon rank-sum test, where appropriate. Two-tailed P values of Ͻ0.05 were considered statistically significant. Where appropriate, P value adjustments for multiple testing were done by a Bonferroni method (69) . All analyses were conducted with SAS 9.1 (69). 3 CFU of salmonellae and compared the bacterial loads in the spleens of these animals to those of their wild-type 129S6 counterparts on days 1, 3, 5, 7, 10, and 42 postinfection (Fig. 1A) . Bacterial loads in the spleen were consistently lower in 129S6-Slc11a1 tm1Mcg mice in both the early (days 5, 7, and 10) and the late (day 42) phases of infection (Fig. 1A) . The early difference in bacterial load observed at day 3 between the C57BL/6J and 129S6 mice (13) was not reproduced in this study, suggesting that the higher S. enterica serovar Enteritidis load observed in C57BL/6J mice is not explained by Slc11a1 but rather by a C57BL/6J background effect. We observed an impact of gender on the spleen bacterial loads in both wild-type and 129S6-Slc11a1 tm1Mcg mice. Female mice had lower bacterial loads than the males at day 42 postinfection, consistent with our genetic models (Fig. 1B) . Slc11a1-deficient mice present a phenotype very similar to that observed in 129S6.B6-Ses1 congenic mice with respect to bacterial load and sex effect, providing further evidence that Slc11a1 is the likely gene underlying Ses1 (14) .
RESULTS
Slc11a1-deficient
Slc11a1-deficient mice develop a marked leukocytosis during infection which correlates with bacterial clearance. Hematological parameters of 129S6 and 129S6-Slc11a1 tm1Mcg mice were measured during infection with S. enterica serovar Enteritidis. As expected, all control mice had levels of RBC and WBC within the accepted norms ( Fig. 2A and B) . The proportions of monocytes, lymphocytes, and PMNs within the WBC compartment were also normal (Fig. 2C, D , and E). Following infection, only the 129S6 mice developed moderate anemia, as demonstrated by the lower erythrocyte levels at day 42 postinoculation compared to those of the noninfected mice ( Fig.  2A) . Decreases of 38% (day 10) and 17% (day 42) in the numbers of RBC were noted in the peripheral blood from 129S6 mice compared to that from 129S6-Slc11a1 tm1Mcg animals after infection. In 129S6 mice, total WBC were found to be at constant levels throughout the infection, compared to 129S6-Slc11a1 tm1Mcg mice, which showed an increase in total WBC at day 10 postinfection (Fig. 2B ). The leukocytosis of 129S6-Slc11a1 tm1Mcg mice is explained by a sharp increase in monocyte and PMN levels at day 10 postinfection (Fig. 2C and E). In addition, 129S6-Slc11a1 tm1Mcg mice showed an increase in circulating lymphocyte counts throughout infection, whereas 129S6 mice developed a transient lymphopenia following Salmonella challenge characteristic of a more acute disease condition (Fig. 2D ). Taken together, these results suggest that the hematological parameters reflect the progression of the infection in 129S6 and 129S6-Slc11a1 tm1Mcg mice and suggest that 129S6-Slc11a1 tm1Mcg animals are in a recovery phase of the Salmonella infection compared to 129S6 mice. Slc11a1 has no impact on the macroscopic and histopathologic phenotypes and cellularity of the spleen during S. enterica serovar Enteritidis infection. The finding that the wild-type allele at Slc11a1 influences the outcome of a persistent S. enterica serovar Enteritidis infection was unexpected since it has been shown in several studies to be protective against highly virulent S. enterica serovar Typhimurium infections. We hypothesized that the absence of a functional Slc11a1 protein may cause increased recruitment of inflammatory cells at the site of infection, which in turn, by secreting specific cytokines or other inflammatory mediators, are able to more efficiently eliminate the bacteria later during infection. To investigate this hypothesis, we measured the spleen index, performed a histopathologic analysis of the spleen, and analyzed spleen cell types by fluorescence-activated cell sorter (FACS) in control and infected 129S6 and 129S6-Slc11a1 tm1Mcg mice. The spleen index was measured in 129S6 and 129S6-Slc11a1 tm1Mcg mice and compared to that of the C57BL/6J (Slc11a1 Asp169 ) strain. All mice presented a transient splenomegaly following infection with S. enterica serovar Enteritidis (Fig. 1C) . Control 129S6-Slc11a1 tm1Mcg animals had a significantly lower spleen index average (0.52 Ϯ 0.02; P Ͻ 0.0001) than
FIG. 2. Hematological analysis of 129S6 (black columns) and 129S6-Slc11a1
tm1Mcg (white columns) mice following an intravenous challenge with 1,000 CFU of S. enterica serovar Enteritidis. The total numbers of RBC (A) and WBC (B), as well as the levels of circulating monocytes (C), lymphocytes (D), and PMNs (E) were evaluated in naive (day 0) and infected (days 10 and 42) animals. The data are expressed as the mean of the total number of cells per milliliter Ϯ the standard error of the mean for groups of two to six control and infected animals, respectively. An asterisk indicates a significant difference in a hematological parameter between the two strains of mice (P Ͻ 0.05).
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Slc11a1, Th BIAS, AND CHRONIC SALMONELLA INFECTION 2791 the spleen index average of the 129S6 (0.63 Ϯ 0.01) mice (Fig.  1C ), although they were both within normal limits. The C57BL/6J mice presented the highest spleen index (1.50 Ϯ 0.30) at day 10 postinfection. The 129S6 and 129S6-Slc11a1 tm1Mcg strains had a significant and comparable increase in their spleen indexes 10 days postinfection (ϳ0.95 to 1.13). By day 42 postinfection, the spleen index decreased in all mouse strains, with the 129S6-Slc11a1 tm1Mcg mice having significantly lower values than their wild-type counterparts (P ϭ 0.0342) (Fig. 1C) . These data showed that Slc11a1-deficient mice behave similarly to 129S6.B6-Ses1 mice (not shown) with respect to splenomegaly and that Slc11a1 has little or no effect on the development of this phenotype during infection with S. enterica serovar Enteritidis.
We next examined the consequence of infection with S. enterica serovar Enteritidis for the spleens of the C57BL/6J, 129S6, congenic 129.B6-Ses1, and 129S6-Slc11a1 tm1Mcg mouse strains at day 10 and day 42 postinfection. Microscopic examination of histological sections of the spleens showed similar lesions in all mice, consisting of mild lymphoid atrophy of the periarteriolar lymphoid sheaths at day 10. Splenic thrombosis was also noted in 129S6, 129S6.B6-Ses1, and 129S6-Slc11a1 tm1Mcg mice. At day 42, there were no significant histological changes in the spleen sections from any of the strains analyzed (data not shown).
We further investigated the recruitment of immune cells to the spleen by FACS analysis in 129S6 and 129S6-Slc11a1 tm1Mcg naive and infected mice. Single-cell suspensions were prepared from the spleen and analyzed for surface markers expressed on mononuclear phagocytes (Mac1 and F4/80), granulocytes (Gr-1), T lymphocytes (CD3, CD4, CD8, and ␣␤ and ␥␦ TCRs), B lymphocytes (B220), and NK cells (PanNK). The total cellularity and the different cellular compartments were comparable in uninfected 129S6 and 129S6-Slc11a1 tm1Mcg mice (Table 1) . Both strains showed significant increases in the total number of spleen cells at day 10 postinfection, although the increase was more pronounced in 129S6 mice (Table 1) . This increase affected all cellular compartments but was not significantly different between the 129S6 and 129S6-Slc11a1 tm1Mcg mouse spleens. The number of positively stained cells returned to uninfected levels in both strains at 42 days postinfection (Table 1) .
Overall, the histopathologic changes in the spleen and the cell types involved in splenomegaly were very similar in 129S6 and 129S6-Slc11a1 tm1Mcg mice following S. enterica serovar Enteritidis infection. These results did not suggest a difference in the type and extent of cellular inflammation in the spleens of 129S6 and 129S6-Slc11a1 tm1Mcg mice that could explain the difference in bacterial clearance between the two strains.
Impact of Slc11a1 on gene expression profiles in the spleen during infection with S. enterica serovar Enteritidis. To further investigate the specific activation of inflammatory cells involved in the ability of 129S6-Slc11a1 tm1Mcg mice to clear an S. enterica serovar Enteritidis infection, we performed gene expression profiling with commercial Affymetrix DNA chips. Because the spleen is the key tissue for S. enterica serovar Enteritidis persistence and since bacterial clearance is more efficient in females compared to males (13, 14) , we used spleen RNAs prepared from female 129S6 and 129S6-Slc11a1 tm1Mcg mice to study the effect of Slc11a1 on the expression profile of genes influencing the adaptive and cellular immune responses. In this analysis, we selected the genes that had a minimum 2.0-fold change in their expression levels between the control and infected mice, as well as between the 129S6 and 129S6-Slc11a1 tm1Mcg mice, at any one of the time points studied. As expected from the histopathology and FACS analyses, the majority of up-and down-regulated genes in the spleen during a Salmonella infection were found at day 10 postinoculation ( Table 2 ). The numbers of genes transcriptionally altered at day 10 and day 42 postinfection were 149 and 74, respectively. A large proportion of these genes (about 30%) have been shown to be involved in immunity to infection. At day 10 postinfection, the 129S6 mice had higher expression of the type 1 cytokine gene Ifng associated with cell-mediated immunity genes and of additional genes involved in the early response to infection, including those for acute-phase proteins (Saa3 and Irg1); proinflammatory molecules (Il1a and Tnfa); T-cell-, monocyte-, and granulocyte-tropic chemokines or receptors (Ccl2, Cxcl5, Ccl7, Ccl8, and Fpr1); and macrophage receptors (Marco, Msr1, and Cd14) ( Table 2) . At day 10 postinfection, the Slc11a1-deficient mice presented higher Ig levels and showed an increase in the expression in inflammatory genes, although not as strong as the response mounted by their wild-type counterparts (Table 2) . Other host response genes, including the cell surface lymphocyte antigens (Cd8b and Klra7) and the cell adhesion molecule Icam1, were up-regulated in Slc11a1-deficient mice.
At day 42 postinfection, we observed a decrease in the expression of inflammatory genes in both strains of mice (Table 3) . Interestingly, there was an up-regulation of genes (Slpi and Sli12) known to have an inhibitory effect on the inflammatory response in 129S6 mice concomitantly with an increase in the expression of several Ig genes ( Table 3 ). The expression of Ig terial persistence in the spleen through local Th cell polarization, we selected cytokines known to be specific to the Th1 (IL-12 and IFN-␥) or Th2 (IL-4) response for quantitative PCR validation. In addition, we selected costimulatory molecules (CD28, CD80, and CD86) that were shown to have a key role in regulating T-cell activation and T-dependent B-cell responses, as well as critical transcription factors that have a role in gene expression of Th1 (T-box transcription factor T-bet or Tbx21) and Th2 (the zinc finger transcription factor Gata3) cells. The Th1 cytokines (Ifng and Il12) and transcription factor (Tbx21) were up-regulated during infection in both 129S6 and 129S6-Slc11a1 tm1Mcg mice (Fig. 3A, C , and E). At day 10, higher expression of Ifng was observed in 129S6 mice although it did not reach the significance threshold (Fig. 3C) . The expression of the Th2 cytokine gene Il4 was constant throughout infection in both 129S6 and 129S6-Slc11a1 tm1Mcg mice (Fig.  3B) . The expression of Gata3, a transcription factor known to stimulate the expression of Il4, was markedly increased in Slc11a1-deficient mice at day 42 postinfection (Fig. 3D) . Different studies have proposed that costimulatory molecules may have a role in determining the dominance of Th cell responses. We detected a progressive up-regulation of Cd28 in 129S6-Slc11a1 tm1Mcg mice; the expression levels of Cd28 were significantly higher in Slc11a1-deficient mice at day 42 postinfection (Fig. 3F) . Expression levels of Cd80 and Cd86 were not significantly regulated during infection, although Cd80 transcripts were more abundant in 129S6-Slc11a1 tm1Mcg mice ( Fig. 3G and  H) . These results complement the observations made by transcription analyses and suggest that bacterial clearance in 129S6-Slc11a1 tm1Mcg mice is associated with a local mixed Th1 and Th2 response, with a predominant Th2 bias. Determining Th profiles based on the expression of cytokines at specific time points after infection may not be optimal because of their temporal expression. To support and complement these studies, we measured cytokines in the serum at early time points and evaluated Ig class switch recombination following S. enterica serovar Enteritidis infection in 129S6 and 129S6-Slc11a1 tm1Mcg mice. Serum cytokine levels in S. enterica serovar Enteritidis-infected wild-type and Slc11a1 knockout mice. S. enterica serovar Enteritidis infection induced modest IL-12 p70 production in vivo in both wild-type and Slc11a1 knockout mice at all time points. No significant differences were noted between the two groups, reflecting the expression data (Fig. 4A) . We also observed significant increases in serum IFN-␥ levels in wild-type and Slc11a1 knockout mice compared to those in the uninfected controls (Fig. 4B) . IFN-␥ levels were, however, significantly higher in Slc11a1-deficient mice of both sexes on day 1 (P ϭ 0.0146) postinfection compared to the levels observed in 129S6 mice. At day 10, levels of IFN-␥ in the serum were slightly higher in wild-type compared to 129S6-Slc11a1 tm1Mcg mice, which was consistent with the expression studies. At day 42, IFN-␥ levels returned to control values in both groups. IL-4 was detected only in the serum of Slc11a1 knockout mice at day 10 postinfection (P ϭ 0.0210), which may reflect the constitutively higher expression levels of Il4 in these mice (Fig. 4C) .
Slc11a1 influences IgG class switching during infection with S. enterica serovar Enteritidis. Th1 cells are known to enhance IgG2a synthesis by B cells through IFN-␥, whereas Th2 cells induce IgE and IgG1 production and secretion by IL-4. Total serum levels of IgG, IgG1, IgG2a, IgG2b, IgG3, and IgM were quantitated in naive and infected 129S6 and 129S6-Slc11a1 tm1Mcg mice. As shown in Fig. 5A , the concentration of total IgG increased in both strains of mice following infection. 129S6-Slc11a1 tm1Mcg mice presented higher serum IgG levels at day 0 compared to 129S6 mice and lower levels at day 42 postinoculation (P ϭ 0.0313), consistent with the expression analyses. The high IgG levels present in 129S6 mice at day 42 were explained by high IgG2a levels. More importantly, the 129S6 animals had significantly higher levels of IgG2a (P Ͻ 10 Ϫ4 ) compared to 129S6-Slc11a1 tm1Mcg mice. IgG1 levels decreased throughout the infection in both strains; however, the IgG1 concentration remained significantly higher at day 42 postinfection in 129S6-Slc11a1 tm1Mcg mice in comparison to that in wild-type animals (P ϭ 0.0137) (Fig. 5B ). An increase in IgG2b and IgG3 production was detected only in 129S6 mice during the course of infection ( Fig. 5D and E) . IgM levels did not increase significantly following Salmonella infection and were not different between the two groups of mice (Fig. 5F ). S. enterica serovar Enteritidis-specific IgG1 and IgG2a responses were measured at day 42 postinfection (Fig. 6) . Levels of Salmonella-specific IgG1 were similar in wild-type and Slc11a1 knockout mice; IgG1 titers were 3.9 Ϯ 0.1 and 3.5 Ϯ 0.2 in 129S6 and 129S6-Slc11a1 tm1Mcg mice, respectively. However, evident differences in the IgG2a isotype between wild-type and Slc11a1-deficient mice were observed at day 42 (Fig. 6) . Infected wild-type 129S6 mice had significantly higher levels of IgG2a than their Slc11a1 knockout mouse counterparts. Differences in IgG2a titers were more pronounced in female mice (Fig. 6A ) than in male mice (Fig. 6B) . Slc11a1 knockout mice have a profound deficiency in the development of Salmonella-specific IgG2a and do not appear to develop a compensatory IgG1 response. All together, these results suggest that persistence of bacteria in the spleens of 129S6 mice correlates with a predominant Th1 differentiation in response to infection and that clearance of the bacteria in Slc11a1-deficient mice is associated with a Th2 response.
DISCUSSION
In the present study, we investigated the role of Slc11a1 in the chronic persistence of S. enterica serovar Enteritidis in mice. The candidacy of Slc11a1 was based on the previous identification of a locus named Ses1 that was shown to control spleen bacterial clearance in C57BL/6J mice by linkage and genome-wide two-locus interaction analyses (13, 14) . Slc11a1 is located at the maximum peak logarithm of the odds score of Ses1 and is known to be a critical component of the innate immune response of the host to infection with highly virulent S. enterica serovar Typhimurium. In the chronically S. enterica serovar Enteritidis-infected mouse model, Slc11a1 does not appear to be as critical in the initial phase of infection in that mice carrying a null allele at Slc11a1 survive as well as mice carrying the wild-type allele; however, in this model, the wildtype allele at Slc11a1 has been associated with persistent infection (13, 14) . There was a clear influence of gender on the phenotype in both mouse strains, consistent with previous observations that females had a significantly better rate of S. enterica serovar Enteritidis clearance (13, 14) . Sexual dimorphism in the extent of the host response to infection has been reported with other type of infections (2, 32, 64) . Estrogen is known to regulate the differentiation, survival, and function of diverse immune cells (30, 37, 50) . In addition, female mice produce significantly more specific antibody in response to various infections (27) . The difference in gender may also be explained by the immunoregulatory effect of testosterone, which is know to act directly on CD4
ϩ T lymphocytes to increased IL-10 production (39). The difference between genders in our study was observed in wild-type and Slc11a1 knockout mice and is clearly not dependent on Slc11a1.
To get a better understanding of the impact of Slc11a1 on the Salmonella carrier state, we examined different aspects of the immune response of 129S6-Slc11a1 tm1Mcg mice during infection with S. enterica serovar Enteritidis. A significant feature of Salmonella pathogenesis is the requirement of both innate and adaptive immune systems for the clearance of infections (43, 49, 58) . Global gene expression profiling of the whole spleen with microarrays in conjunction with quantitative PCR analyses revealed different molecular signatures of specific cell types in 129S6-Slc11a1 tm1Mcg and 129S6 mice during a chronic S. enterica serovar Enteritidis infection. Not surprisingly, inflammatory genes constitute the major class of mRNAs expressed in response to S. enterica serovar Enteritidis infection. Several of these genes were in common with the core set of human genes, defining a shared host transcriptional response to various pathogens (8, 20, 36, 52) . A high representation of microbially activated macrophage genes known to have a role during acute Salmonella infection, including those for macrophage receptors (Cd14, Marco, and Msr), proinflammatory cytokines (Ifng, Il1a, and Tnfa), and several chemokines (Ccl2, Ccl7, Ccl8, and Cxcl5), were up-regulated in 129S6 mice at day 10 postinfection. Increased T-cell-, monocyte-, and granulocyte-tropic chemokines may have had an impact on the higher number of cells recruited to the spleens of 129S6 mice during chronic infection with S. enterica serovar Enteritidis. In 129S6-Slc11a1 tm1Mcg mice, genes associated with activated T-and B-cell populations, including cell surface lymphocyte antigen (Cd8b and Klra7), costimulatory molecule (Cd28), and Ig genes, were more abundantly expressed during infection. The preferential induction of cell-specific clusters of genes in 129S6 and 129S6-Slc11a1 tm1Mcg mice was consistent with the activation of different cell populations during the immune response.
Transcriptional profiling also suggests that Th polarization may be involved in the host response to infection with S. enterica serovar Enteritidis in Slc11a1-deficient animals. The cytokine microenvironment is a critical determinant for Th cell lineage development. The proinflammatory cytokines IL-12 and IFN-␥ play a fundamental role in Th1 phenotype differentiation and provide a link between innate and adaptive immunity, whereas IL-4 drives Th2 cells (51) . In addition, the combined action of several cytokines, including IFN-␥, IL-12, and TNF, is essential to suppress the growth of the bacteria in target organs during infection and coincides with the formation of macrophage-rich granulomas and nitric oxide and NADPH oxidase macrophage-mediated killing of the bacteria (48, 66) . In humans, mutations identified in the genes IFNGR1, IFNGR2, IL12B, and IL12RB1 clearly affect susceptibility to persistent infections with salmonellae (15) . In our model, we observed an early (day 1) IFN-␥ response in serum of Slc11a1 knockout mice infected with S. enterica serovar Enteritidis which may be important in establishing an effective innate immune response that can control early bacterial replication and limit chronic infection. The early IFN-␥ production observed in 129S6-Slc11a1 tm1Mcg mice may contribute to the more rapid decrease in Salmonella CFU observed in the spleens of these mice. Comparable up-regulation of Ifng and Il12 was detected at day 10 postinfection in both strains of mice, correlating with the control of the bacterial load in the spleen. At the same time period, up-regulation of the transcription factor gene Gata3 and production of IL-4 in the serum were observed only in Slc11a1-deficient mice. Gata3 is a zinc finger protein activated by Stat6 and is known to play a role in the transcriptional regulation of Th2 cytokines, including IL-4 (73) .
Clearance of salmonellae from tissues requires efficient CD4 ϩ T-cell activation by TCR and costimulatory signals (44) . Slc11a1-deficient mice showed a higher basal expression of Cd80 and Cd86 and a progressive up-regulation of Cd28 during infection, coinciding with the more efficient bacterial clearance seen in these animals. CD28 costimulation has been reported to increase the expression of Gata3 (57) and to play an important role in resistance to S. enterica serovar Typhimurium infection, T-cell differentiation, and Ig class switching (47, 61) . Mice deficient in both the Cd80 and Cd86 genes also have an impaired ability to undergo Ig class switching (9) . The CD80/ CD86/CD28 costimulatory pathway not only promotes initial T-cell activation but also contributes to the down-regulation of the immune response. Furthermore, it stimulates Th2 cell differentiation by transducing a positive signal to B cells that increases IgG1 and IgE production (11, 12, 41, 55, 56) . Mice that are persistently infected with S. enterica serovar Typhimurium present high anti-Salmonella IgG titers (47) . Our study has shown that Slc11a1 has a profound impact in the induction of IgG2a class switching.
Th polarization of the immune response to salmonellae was shown to be influenced by the quantity the antigen and the context in which it is presented. Low-dose flagellin (a major antigen for the CD4 ϩ T-cell response to salmonellae) or defined peptide antigens promote a Th2 response, whereas high doses induce Th1 cells in vivo (17, 54) . In addition, Th1 or Th2 phenotypes can be induced in mice depending on how flagellin is presented (19, 21, 45) . Soluble flagellin and polymerized flagellin induce a strong Th2 response, while flagellin presented on live salmonellae induces a Th1 response, in C57BL/6J mice (19, 21, 45) . A role for Slc11a1 in the adaptive immune response to salmonellae was proposed previously but remains controversial. Slc11a1 has been shown to increase the surface expression of major histocompatibility complex class II molecules and production of inflammatory cytokines by macrophages stimulated with lipopolysaccharide (7) . Other studies have reported that cytokine production and antibody response following a Salmonella infection are not influenced by Slc11a1 (22, 53, 62) . A vaccine S. enterica serovar Typhimurium strain was shown previously to induce different Th subsets in wild-type and Slc11a1 mutant mice on a C57BL/ 10J background; however, there was no impact of the Slc11a1 genotype on the clearance of S. enterica serovar Typhimurium (63) . The complex interactions between the host genetic background (C57BL/10J versus 129S6) and the pathogen (avirulent S. enterica serovar Typhimurium versus S. enterica serovar Enteritidis) may explain the different impacts of Slc11a1 in different models of Salmonella infection.
Our experiments demonstrate that the Slc11a1 influence on the outcome of an S. enterica serovar Enteritidis infection is associated with Th polarization. We have shown that the presence of Slc11a1 promotes the development of a robust proinflammatory response in 129S6 mice, which has the consequence of delaying the activation of the adaptive immunity essential for clearance of the bacteria. The exact molecular mechanisms involved are not known; however, we can postulate that Slc11a1 may have an impact on the quantity and/or the processing of the antigen presented to T cells because of its known function in controlling bacterial proliferation and phagosome maturation (18, 34) . On the other hand, Slc11a1 may act on bacterial mechanisms of persistence. A wild-type genotype at Slc11a1 has been shown to promote the expression of specific Salmonella genes both in vivo and in vitro (71, 72) . Two of these genes, sitA and mntH, encode high-affinity metal ion uptake systems in S. enterica serovar Typhimurium (10). These genes are essential for the survival and dissemination of salmonellae and therefore may play a role in promoting the persistence of Salmonella infection in mice with a wild-type genotype at Slc11a1.
In humans, SLC11A1 polymorphisms have been associated with the progression of tuberculosis (1, 3, 28) and with the clinical manifestations of leprosy (46) , suggesting that variation within SLC11A1 may influence the type of cellular immune response. In our chronic model of infection, we can conclude that 129S6 mice are not inherently susceptible to S. enterica serovar Enteritidis infection but that the presence of Slc11a1 contributes to the establishment of a Salmonella carrier state in these mice. Although the exact mechanisms are not completely understood, we have provided good evidence that Slc11a1 plays a role during chronic S. enterica serovar Enteritidis infection by influencing the adaptive immune response of the host.
